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SUMMARY 
Wheel/rail dynamic forces are dependent upon the characteristics of both train and track, and lead to time-
dependent degradation of the track. The quality of maintenance of both train and track affect the amplitude 
of these forces and therefore the rate of degradation of track. These relationships are being studied at 
Queensland University of Technology via a Rail CRC project, using test track and test vehicles provided by 
QR. A central part of the study is attempting to relate wheel/rail forces to the longitudinal vertical profile of 
the track; the profile is measured by QR’s Track Recording Car (TRC) and their Corrugation Analysis Trolley 
(CAT). However, because doing detailed measurements of the longitudinal profile frequently over the study 
period is impractical, the authors developed an innovative algorithm that converts track recording car (TRC) 
rail top offset measurements into suitably accurate longitudinal profiles. The study takes those profiles and 
correlates them against the vertical wheel-rail forces measured by the test vehicle. But those forces are 
comprised of many continuously varying frequencies and amplitudes and the track profile varies significantly 
in position and time, making correlations between them quite complex. The authors have therefore drawn on 
signal processing principles that convert data into power spectral density plots and then apply a function 
known as coherence. The study has found that at low frequencies, there is very strong correlation between 
forces and track profile, as would be expected. However, there is diminishing correlation as frequencies 
increase. This has implications for relating bogie characteristics to track degradation. 
 
1. INTRODUCTION 
The increasingly competitive commercial 
environment in which railways are operating is 
driving access pricing issues to the forefront of the 
thinking of infrastructure owners. For example, if 
wheelsets and bogie suspensions are maintained 
to a high standard, the smaller dynamic forces that 
are generated at the wheel-rail interface may 
cause less damage to and maintenance costs for 
the track over time than if those bogie components 
are maintained to a poorer standard. 
Nevertheless, there is little known about how those 
vehicle-related characteristics affect time-
dependent track degradation.  
At Queensland University of Technology, a study 
is addressing this matter under the auspices of the 
Cooperative Research Centre (CRC) in Railway 
Engineering and Technologies, using a section of 
well maintained track courtesy of Queensland Rail 
(QR). Information on the forces between wheels 
and rail on that test section of track is being 
obtained from an instrumented QR vehicle.  
The purposes of the study are to use that data as 
follows: 
a) Relate the wheel/rail forces to the 
longitudinal vertical profile of the rail head. 
b) Investigate how changing the characteristics 
of a vehicle (especially of the bogies) can 
affect those forces. 
c) Relate the wheel/rail forces to the 
progressive degradation of track geometry 
(ie rail head longitudinal profile) under 
traffic.  
d) Combine all the above to establish a final 
relationship between vehicle/bogie 
characteristics and geometry degradation. 
In order to achieve that final relationship in step (d) 
above, it was necessary to obtain an acceptably 
accurate measure of the longitudinal profile of the 
rail head. However, because that profile was 
changing over time as top and line deteriorated 
under sustained traffic loads, repeated 
measurements of profile were needed. Within the 
2km length of double track in the test section, the 
total length of rail head is 8km, so doing detailed 
measurements of the longitudinal profile 
repeatedly over the 12 month study period was 
impractical. 
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An alternative method was needed to establish the 
profile as it changed over time. 
Furthermore, relating track forces and rail profile in 
step (a) above is not a simple matter. Those forces 
are comprised of many continuously varying 
frequencies and amplitudes, and the track profile 
also varies significantly in time and along the 
length of the track. Simple comparisons of means, 
variances, linear regressions, root-mean-squares, 
and so on, are inadequate in this situation. A 
systematic means of relating the two waveforms 
was needed that has defensible validity. 
2. PREVIOUS WORK 
Dynamic forces between train and track are 
affected by different characteristics of a vehicle, 
but significant effects are due to the unsprung 
mass of the vehicle, the stiffness and damping of 
its primary suspension, the axle load and the 
speed of the train. For example, based on their 
vehicle/rail model, Zhai et.al. [1] concluded that for 
track/train forces which vibrate at frequencies 
between 20Hz and 100Hz, their magnitude will be 
increased by 5% for every increment of 100 kg in 
the unsprung mass of the vehicle; they also 
concluded that increasing the damping of the 
primary suspension will reduce forces with higher 
frequencies. Also, based on a Finite Element 
Model they developed, Dukkipati and Dong [2] 
demonstrated that the amplitude of forces that 
occur at resonance of the track/train system 
increases as the unsprung mass is increased and 
as the stiffness of the primary suspension is 
reduced.  
The references quoted above are just two of the 
many publications relating track/train forces to 
vehicle characteristics, but despite all this work, 
the link between forces and track deterioration is 
not known clearly, so the link between vehicle 
characteristics and track deterioration is also 
unclear. 
Because of the wide range of frequencies in 
track/train force data and of wavelengths within the 
profile of track, digital signal processing 
techniques appeared to provide the best means of 
correlating forces and track profile. Various 
researchers have studied and investigated the 
behaviour of trains and track using signal 
processing techniques via Fast Fourier 
Transformations (FFT) and Power Spectral 
Density plots (PSD). FFT and PSD can be tools for 
diagnosis and classification of the track [3].  
An analysis using PSD plots showed that 
particular frequencies of vibration in the vertical 
forces between the wheel and rail are very 
sensitive to irregularity of the track and to train 
speeds [4]. Other analyses ([5], [6]) used PSD to 
develop accumulated spectrums and 
demonstrated a clear relationship between vertical 
vehicle body motions and the wheel/rail forces at 
frequencies lower than 4 Hz. Models of track 
geometry based on PSD and FFT have been used 
to relate vehicle response to track variations [7], 
[8], [9] and [10]. 
The method of correlating track deterioration with 
vehicle characteristics in the research described in 
this paper, uses FFT and PSD to develop what is 
known as a coherence plot; the method is 
explained in detail in Section 4 below. A search of 
the literature showed that this method was used by 
Hamid et.al. [11] to determine relationships 
between the track geometry parameters of gauge, 
alignment, cross-level, and profile. The same 
approach was used in Sweden ([12], [13], [14]) to 
demonstrate good correlation between vehicle 
vertical forces and the vertical geometry of the 
track for wavelengths shorter than about 8m. 
The following sections of this paper describe 
techniques developed as part of the Rail CRC 
research in order to use the coherence method to 
establish a relationship between vehicle 
characteristics and track deterioration. The 
ultimate aim of the work is to help reduce track 
deterioration by managing vehicle/track 
interaction. 
3. RAIL PROFILE 
3.1 Long Wavelength Roughness 
The longitudinal vertical alignment (profile) of each 
of the rails in the 2km test track was needed to 
compare those rail profiles against measured 
wheel/rail forces along the test track, and to 
determine how the geometry of the test track 
deteriorated with time. Regular measurements of 
that profile were therefore necessary. Such 
measurements could have been taken using 
surveying equipment, but the accuracy would have 
only been at best ±3mm or so, and regular surveys 
of the total length of 8km of rail head in the test 
section at many points along the rail head were 
impractical – the profile could also be different 
under train loading, precluding static surveys. 
It was decided to try and use data from QR’s Track 
Recording Car (TRC) to produce a vertical profile 
of the rail head. TRC measures a number of 
aspects of track geometry, including top, line, twist 
and gauge. “Top” is a measure of the vertical 
deviation of the top running surface of the rails 
from a smooth flat line. The TRC used by QR 
records the vertical offset of the rail from a straight 
baseline 5m long; the offset is measured at the 
midpoint of that baseline and the reading is taken 
every 0.889m interval along the track. Table 1 
overleaf shows a typical set of Top offset readings 
that would be recorded by a TRC. 
Various algorithms were developed in an attempt 
to produce a vertical longitudinal profile of the rail 
head from the TRC data to sufficient accuracy for 
this project. The algorithm that worked best was 
simply an integration of the successive differences 
between TRC Top data values using Simpson’s 
area rule.  
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Distance along track 
(m) 
Top Offset (mm) from 
5m baseline. 
343.286 0.2 
344.175 -2.4 
345.064 -2.8 
345.953 -1.3 
346.842 0.8 
347.731 1.7 
348.620 1.0 
349.509 0.6 
350.398 -0.3 
351.287 -1.5 
Table 1. Typical Top Data From TRC 
Table 1 was extracted as Top offsets from part of 
the artificial vertical longitudinal profile shown as a 
solid line in Figure 1. The dotted line in Fig.1 
shows the profile derived from applying the 
integration algorithm to the Top offset data. Most 
of the time the algorithm profile matches the 
original profile quite precisely, though it does 
occasionally overestimate peaks in the profile. 
 
 
 
 
 
 
 
 
 
* Solid line = original profile. Dotted line = algorithm profile. 
Figure 1. Longitudinal Vertical Rail Profiles 
3.2 Short Wavelength Roughness. 
The TRC records offsets only at 0.889m intervals 
along the track. This fact, together with limitations 
of the TRC’s chordal measurement system, means 
that the minimum wavelength of geometric 
roughness in the track that the TRC data can 
detect is probably around 2m.  
However, large wheel/rail forces can be generated 
by roughness elements with wavelengths much 
less than 2m. For example, corrugations of 
300mm down to 50mm wavelengths can cause 
vertical resonance vibrations in the spring-mass 
system that is the wheelset-and-suspension in the 
bogie. Discrete defects like dipped welds are not 
detected by TRC offset measurements and yet 
can produce very large impact forces between 
wheel and rail. 
In order to be able to correlate wheel/rail forces 
determined by the instrumented vehicle against all 
types of roughness elements, these shorter 
wavelength elements needed to be measured. 
QR’s Corrugation Analysis Trolley (CAT) was used 
for this purpose. 
The CAT basically has an accelerometer mounted 
on a small wheel that runs along the head of the 
rail; the device is pushed along the rail at walking 
speed. Every 2mm along the rail the data logger 
on the CAT measures the vertical acceleration of 
the accelerometer and converts that reading into a 
vertical displacement.  
Because measurements are taken every 2mm, 
very small wavelength elements are able to be 
detected by the CAT, but it also means that the 
amplitudes of wavelengths of more than a few 
metres tend to be greatly attenuated by the CAT.  
4. PROFILE/FORCES CORRELATION 
4.1 Introduction to the Correlation Analysis. 
In order to study vehicle/track interaction and to 
investigate the track response due to the vehicle 
characteristics, some form of analytical description 
of wheel/rail forces and track geometry is 
implemented. From the discussion in Section 2 
above, it’s clear that vehicle response to track 
irregularities depends on the spatial frequency of 
those irregularities under various vehicle speeds. 
This dependency underlies step (a) in Section 1 
above, which was the first objective of the 
research described in this paper. Section 4 
explains how signal processing techniques were 
used to investigate this dependency based on the 
theory of random data analysis. Without explaining 
all the minor details of the mathematical 
description, reference may be made to Bendat & 
Piersol [15] for a description of this random 
analysis and to Esveld et.al. [14] for a discussion 
of the technique with relation to vehicle/track 
systems.  
This form of analysis can indicate whether one set 
of data depends on another, both depend on some 
common phenomenon, or they are independent of 
each other. 
Now, wheel/rail forces data exists in the time 
domain; that is, the data shows the variation in 
force with time. However, the longitudinal vertical 
profile data of the track exists in the distance 
domain; that is, it varies with the position of the 
vehicle along the track. Figures 3, 4 and 5 in 
Section 4.3 below are examples of such plots in 
the time and distance domains.  
However, correlation of force and profile data 
cannot occur unless all the data exists in the time 
domain. Conversion of track profile data to a time 
domain is easily done by imagining how the 
vertical profile would change with time according 
to an observer in the train travelling at the speed 
that the instrumented vehicle was moving when 
recording track/train forces. The wheel/rail forces 
data portrayed in graphs in Section 4.3 below were 
obtained when the instrumented vehicle was 
travelling at 20m/s (the data was sampled by the 
instrumentation at a rate of 200 readings/second). 
At a speed of 20m/s, a 1m wavelength in the 
vertical profile of the rail head converts to an 
oscillation of the profile with time at a frequency of 
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20Hz, a 5m wavelength converts to a 4Hz 
oscillation, and so on. This means that because 
the TRC recorded track offset measurements 
(Top) every 0.889m, data would be considered to 
be sampled at a rate of 22.5Hz for a vehicle 
assumed to be travelling at 20m/s. The CAT’s 
measurements were at 2mm intervals, which 
corresponds to a sampling rate of 10kHz for a 
vehicle assumed to be travelling at 20m/s. 
The forces and profile data in time domain format 
are then both transformed into the frequency 
domain using the Fast Fourier Transformation 
(FFT) function. The FFT extracts the many 
frequencies comprising a set of data and allows 
them to be plotted on a graph of amplitude vs 
magnitude of frequency. The transformation of 
data to the frequency domain allows certain 
characteristics of the data to be more clearly 
observed and more easily manipulated than in the 
time domain or distance domain. In this way one 
can investigate the existence of different 
wavelengths of track irregularities and of the 
frequencies of forces responding to such defects. 
Figures 6, 7 and 8 in Section 4.3 below illustrate 
such phenomena. 
The power spectral density (PSD) function is 
similar to FFT in terms of establishing the 
frequency composition of the data using a log 
scale, which can highlight some important 
relationships in the characteristics of the physical 
system. In this research the PSD was used as a 
step in performing analyses of correlations. 
Both PSD and FFT were used to analyse data as 
individual random processes and then the PSD 
used to correlate the sets of data using a function 
called coherence. The coherence function γ 2fy  is 
described in the equation below: 
1  )( 
  0     where)( )(
)(
  )( 
  G  G
 G 2
fy
f y
fy
2
2
fy
≤≤= fff
f
f γγ  
where,   
)( G f f = PSD function for the input (wheel/rail 
force) using FFT 
)( G y f = PSD function for the output (track 
profile) using FFT 
)( G fy f = Cross Spectrum between input and 
output 
The correlation is performed by matching the 
frequency contents in each of the data in the 
manner shown in this equation. A coherence value 
of 1 for a given frequency means excellent 
correlation between the data sets at that 
frequency; a value of 0 for a given frequency 
means no correlation at that frequency.  
4.2 Basic Characteristics of Data 
Determination. 
Coherence analysis was shown in Section 2 to be 
an established method for investigation of track 
force frequencies. However, before such an 
analysis can be applied, three tests must be 
applied to the sets of data to ensure the method 
can be applied validly to that data. Coherence 
analysis can only be applied to data that shows 
the required degree of stationarity, periodicity and 
normality. Stationarity means that the variance 
within segments of a data set is approximately the 
same between segments; periodicity means that 
the data has a sufficient degree of repetition in 
time; normality means that the data is 
approximately normally distributed. All three tests 
were executed on various portions of data 
comprising measurements of wheel/rail forces and 
track geometry profiles obtained from the track test 
site. Figure 2 is an example of the normality test 
which is obtained by plotting wheel/rail forces data 
on a normal probability graph; normality is when 
most data falls on a straight line. The graph shows 
that the forces data is mostly normally distributed. 
All data analysed for coherency in Section 4.3 
below satisfied all the requirements. 
 
Figure 2. Normal Probability Test for 
Wheel/Rail Forces 
4.3 FFT Data Analyses. 
Analyses of coherence were performed on sets of 
data from three sources. 
The first source of data was the wheel/rail forces 
obtained from QR's instrumented vehicle using 
strain gauges placed on top of the bogie side 
frame above the axle-box of the bogie [16].  The 
second source was the longitudinal rail vertical 
profile of the track integrated from the TRC top 
offset measurements as explained in Section 3.1. 
The third source was the longitudinal rail vertical 
profile obtained from the CAT as explained in 
Section 3.2. The analyses were carried out using 
the well known software MATLAB, which provides 
a built-in signal processing tool for the FFT, PSD 
and the Coherence function computations. 
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Figure 3. Unprocessed Data of Wheel/Rail 
Forces from the Instrumented Vehicle 
 
Figure 4. Unprocessed Data of Rail Vertical 
Profile  (TRC) 
 
Figure 5. Unprocessed Data of Rail Vertical 
Profile  (CAT) 
Figures 3, 4 and 5 above are example plots of the 
original data for wheel/rail forces, track vertical 
profile (TRC) and track vertical profile (CAT) on the 
2km length of test track, before any processing by 
MATLAB.  
As described earlier, the first step in processing 
the raw data was to analyse the frequency content 
of each set of data using the FFT computation; the 
types of FFT plots that arise from this analysis are 
illustrated in Figures 6, 7 and 8. 
 
Figure 6. Frequency Content of Wheel/Rail 
Forces 
 
Figure 7. Frequency Content of Rail Vertical 
Profile  (TRC) 
 
Figure 8. Frequency Content of Rail Vertical 
Profile  (CAT) 
The frequency content plot of wheel/rail forces 
data presented in Figure 6 shows most of the 
frequencies in those forces are primarily < 15Hz, 
with an additional small amount between 20Hz 
and 25Hz.  
The TRC plot presented in Figure 7 shows that the 
Recording Car detected only low frequency data 
for the longitudinal vertical profile, below about 
11Hz.  
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Using the 20m/s train speed by which profile data 
was converted to the time domain, 11Hz equates 
roughly to slightly less than a 2m wavelength 
irregularity in the rail running surface. 
On the other hand, Figure 8 shows that surface 
irregularities detected by the CAT are primarily 
between 5Hz and 20Hz, which equates to 
wavelengths between 4m and 1m, though at very 
much less amplitudes than the TRC – compare 
Figs.3 and 4. At much smaller amplitudes, the CAT 
detected frequencies ranging from about 3Hz (7m 
wavelength) up to 30Hz (0.7m wavelength). It 
appears in the data that no shorter pitch defects 
with wavelengths less than 0.7m were present on 
the rails of the test section. 
4.4 Coherence Analyses. 
To use MATLAB for coherence analysis, input files 
were prepared containing equal numbers of data 
points for each set of data in the time domain. 
Various techniques are available for processing 
the data in MATLAB to generate meaningful 
correlations; the correlations reported here used a 
Gaussian windowing function.  
Figures 9 and 10 below show coherence plots for 
correlations between wheel/rail forces and vertical 
profile of the rail in the test track, as measured first 
by the TRC and then by the CAT. In these plots a 
coherence of 1 means excellent correlation at a 
given frequency. So, in Figure 9, the correlation 
between wheel/rail forces and TRC measured 
profile is generally very good between 0 and 11Hz, 
that is down to about a 2m wavelength of 
roughness in the track. Note that a good 
coherence doesn’t necessarily mean that either of 
the correlated frequencies has a high amplitude. 
 
Figure 9. Coherence of Wheel/Rail Forces and 
Rail Vertical Profile  (TRC) 
In Figure 10, the coherence is generally better 
than 0.9 up to approximately 30Hz but then 
deteriorates significantly above that frequency. A 
comparison of Figures 6 and 8 shows that for 
forces measured by the instrumented vehicle and 
for the finely measured CAT data, there were no 
significant frequencies measured above 30Hz, ie 
0.7m wavelength of roughness in this well 
maintained track. 
 
Figure 10. Coherence of Wheel/Rail Forces and 
Rail Vertical Profile  (CAT) 
Many other analyses of coherence were 
undertaken on various portions of test track and 
wheel/rail force and produced the same form of 
outcome. 
 
5. IMPLICATIONS FOR VEHICLE AND TRACK 
The geometry of the test track is deteriorating with 
time due to the very large amount of traffic the 
track carries annually. It’s often believed that such 
deterioration is due in large part to bouncing of the 
unsprung mass of bogies on the track. Discrete 
irregularities such as dipped welds tend to trigger 
such bouncing at frequencies from perhaps 20Hz 
up to 100Hz; forces at these frequencies are often 
described as P2 forces. 
There is a switch present at around 107km in the 
test track and frequencies in the P2 range were 
found around the switch in both the CAT (see 
Fig.5) and vehicle forces data, but nowhere else 
along the track. 
If deterioration of the geometry of the rail track is 
due to dynamic forces as usually assumed, then 
such deterioration of the track away from the 
switch area cannot be due to bouncing of the 
unsprung bogie mass but rather to the so-called 
quasi-static lower frequency (< 20Hz) oscillations 
of wheel/rail forces. (The link between dynamic 
forces and deterioration of geometry has been 
established in another part of this Rail CRC 
project, but will be reported on in a future paper.) 
Consequently, designing vehicles and bogies with 
suspension characteristics that reduce peak quasi-
static forces may be of value in reducing 
deterioration of track geometry. It should be noted 
that the test track is very well maintained, which is 
why there are few if any discrete defects. On other 
track such defects are often present and may 
initiate P2 type bouncing of the unsprung mass, 
with consequent damage to the track. 
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6. CONCLUSIONS 
Within a larger investigation of how vehicle 
characteristics can affect degradation of track, the 
following outcomes have arisen and are described 
in this paper. 
• An algorithm has been developed that 
converts offset measurements of vertical 
roughness from a track recording car into a 
longitudinal vertical profile of the rail running 
surface with a good degree of accuracy. 
• Application of signal processing techniques 
using fast Fourier transforms, power 
spectral density plots and coherence 
analysis, has allowed correlation of the 
complex waveforms within measured 
wheel/rail forces with those within a track’s 
vertical geometry profile. 
• The surface of the rails in the test section of 
track was in very good condition, so that 
there was nearly a complete absence of 
wheel/rail forces within the P2 range of 
frequencies (> 20Hz) measured by the 
instrumented vehicle. Consequently, very 
good correlation of wheel/rail forces and 
track vertical profile was seen up to 20Hz 
and none beyond 30Hz.  
• Progressive deterioration of the vertical 
geometry of the test track with time has not 
been reported in this paper. Nevertheless, 
the conclusions listed above could mean 
that when such deterioration does occur on 
the test track, it would not be due to 
bouncing of the unsprung mass along the 
track at P2 frequencies, but would most 
likely be due to the lower frequency quasi-
static forces present in abundance in the 
wheel/rail forces measured in this project. 
Should significant discrete irregularities 
such as dipped joints or shells or 
corrugations have been present in the rail 
head, it is very likely that frequencies well 
above 30Hz would have been detected, and 
would likely have played a role in 
deterioration of the track. 
• The four objectives of the larger study were 
listed in Section 1 of this paper. 
Achievement of objective (a) has been 
addressed in this paper. The other three 
objectives related to investigating how 
wheel/rail forces and ultimately vehicle 
characteristics influenced deterioration of 
track geometry. These objectives were 
being achieved while this paper was in 
preparation and will be reported elsewhere. 
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